In multiple myeloma (MM), the hypoxic environment is an important factor causing tumor angiogenesis, which is strongly correlated to disease progression and unfavorable outcome by activating the key transcription factor, hypoxia-inducible factor-1a (HIF-1a). Gambogic acid (GA) is the major active ingredient of gamboge, which has been shown to possess antitumor effect by in vitro and in vivo study. However, the underlying molecular mechanism of whether GA inhibits tumor angiogenesis remains poorly understood. In this study, we investigated the effects of GA on expression of HIF-1a, and its downstream target gene vascular endothelial growth factor (VEGF) in human MM U266 cells. We found that hypoxia induced increase in the level of HIF-1a subunit protein and activated the phosphatidylinositol 3-kinase (PI3K) ⁄ Akt ⁄ mammalian target protein of rapamycin (mTOR) pathway. Moreover, the treatment with GA markedly decreased HIF-1a and VEGF expression under hypoxic conditions. Mechanistic studies exhibited that GA inhibited the production of HIF-1a by reducing phosphorylation of Akt and mTOR in U266 cells. Furthermore, in vivo study revealed that intravenous injection of GA once every other day for 2 weeks could suppress tumor volumes by antiangiogenesis activity. Taken together, our results identify that GA suppresses hypoxia-activated pathways that are linked to MM progression, at least partly, by the inhibition of the PI3K ⁄ Akt ⁄ mTOR signaling pathway. Therefore, GA may be a new potent therapeutic agent against human MM cells.
M ultiple myeloma (MM) is the second most common (10-15% of all) hematological cancers characterized by the accumulation of malignant plasma cells within the bone marrow. (1, 2) It is responsible for 15-20% of deaths from hematological cancer and about 2% of all deaths from cancer. (2) Angiogenesis, supporting the growth and survival of plasma cells, plays a critical role in the pathophysiology and progression of MM. (3, 4) Hypoxia, a key feature of the tumor microenvironment, has been shown to be a leading cause of angiogenesis. In the tumor cells, hypoxia-inducible factor-1a (HIF-1a) has been regarded as the most important transcriptional factor promoting angiogenesis by upregulating pro-angiogenic genes such as vascular endothelial growth factor (VEGF), (5) which can enhance the microvascular density of bone marrow and accounts for the abnormal structure of myeloma tumor vessels. (6) Under hypoxia, HIF-1a can escape the Von Hippel-Lindau tumor suppressor protein (VHL) binding and proteasomal degradation, translocate to the nucleus, heterodimerize with HIF-1b, and induce transcription of numerous target genes related to cell migration, vascular remodeling and angiogenesis for adaptation to hypoxia. (7, 8) Increased HIF-1a levels are also associated with increased risk of mortality in many human cancers. (9) The previous studies have demonstrated the bone marrow microenvironment is hypoxic in MM patients (10) and determined the role of hypoxia in progression and dissemination of MM mouse models. (11) These findings suggest HIF-1a could be a potential therapeutic target.
Recent studies have shown many mechanisms regulate the HIF-1a expression at the level of transcription, translation and protein stability, such as nuclear factor-j B (NF-jB), phosphatidylinositol 3-kinase (PI3K) ⁄ Akt signaling pathways, and prolyl hydroxylase (PHD)-pVHL-dependent mechanisms. (12) Among these mechanisms, PI3K ⁄ AKT pathway is an important element in response to hypoxia. (13, 14) Hypoxia can stimulate the activation of PI3K ⁄ Akt pathway. (15, 16) It has become increasingly evident that the increase of HIF-1a synthesis is associated with activated PI3K ⁄ Akt signaling that stimulates mammalian target protein of rapamycin (mTOR) activity, result in augmenting translation of HIF-1a mRNA into protein. (17) The suppression of PI3K and mTOR can inhibit HIF1a expression in non-hypoxic and hypoxic cells. Therefore, pharmacological inhibition of HIF-1a activity may represent a useful treatment strategy. (17, 18) Gambogic acid (GA), a main active ingredient of gamboge, is a brownish to orange dry resin secreted from Garcinia hanburyi, which is a plant distributed widely in nature (Fig. 1) . Recently, in vitro and in vivo studies have demonstrated that GA exerts potent anti-tumor effects on solid tumors and hematological malignancies. (19) In addition, GA can inhibit angiogenesis through suppressing secretion of VEGF. (20) However, whether GA has an ability to suppress HIF-1a ⁄ VEGF expression via inhibition of PI3K ⁄ Akt ⁄ mTOR signaling pathway under hypoxia in human multiple myeloma cells still remains unclear. Thus, in our study, we investigated the effect of GA on HIF-1a ⁄ VEGF induction under hypoxia in human myeloma cell line, U266, and its underlying molecular mechanism.
Materials and Methods
Cell culture and induction of hypoxia. The human myeloma cell line, U266 was obtained from Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China). The cells were maintained in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 15% heat-inactivated fetal bovine serum (Sijiqing, Hangzhou, China), 100 U ⁄ mL penicillin and 100 lg ⁄ mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) in a humidified atmosphere of 5% CO 2 at 37°C. For hypoxia induction, cells were incubated in a sealed hypoxic chamber flushed with a gas mixture of 94% N 2 , 5% CO 2 and 1% O 2 .
Cytotoxicity assay. Gambogic acid (Key Laboratory of Carcinogenesis and Intervention, China Pharmaceutical University, China) was dissolved in DMSO (Sigma-Aldrich), stored at À20°C, and diluted as needed in RPMI-1640. Cytotoxic effect of GA on proliferating cells was assayed by CCK8 (Dojindo, Kumamoto, Japan). Briefly, cells were seeded onto 96-well plates at a density of 3 9 10 4 cells ⁄ well and treated with various concentrations of GA for 8 h. The CCK-8 solution (10 lL) was added to each well and incubated for 3 h. The absorbance was measured at 450 nm by Multiskan MK3 (Thermo Scientific, Shanghai, China). Cell viability was calculated as a percentage of viable cells in the GA-treated group versus the untreated control.
Quantitative real-time PCR assay. Total RNA was isolated from cells by using RNAiso Plus (TaKaRa, Dalian, China). Reverse transcription was performed with PrimeScript RT reagent kit with gDNA Eraser (TaKaRa), and real time PCR was carried out using SYBR Premix Ex Taq (TaKaRa). The real time PCR reaction contained: 10 lL of SYBR Premix Ex Taq, 0.4 lL of forward primer, 0.4 lL of reverse primer, 0.4 lL ROX Reference Dye, 1 lL of cDNA template, and 7.8 lL of dH 2 O. The program was 95°C for 30 s, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. The relative expression level of mRNAs was normalized to that of internal control b-actin using the 2
ÀDDCt cycle threshold method. The primer sequences were as follows:
ELISA. 3 9 10 5 cells were seeded onto 6-well plates in serum-free medium containing various concentrations of GA (0, 0.05, 0.1 and 0.2 lM) and incubated for 8 h at hypoxia or normoxia. The conditioned medium was collected, and VEGF levels were determined by VEGF ELISA kit (Neobioscience, Shenzhen, China) according to the manufacturer's protocols. VEGF was expressed as a picogram of VEGF protein per milliliter medium and per 10 5 cells. Immunofluorescent staining. Cells were dripped on glass slides and fixed with 4% paraformaldehyde for 30 min at room temperature, treated with 0.2% Triton X-100 and blocking solution (5% BSA and 0.2% Triton X-100 in PBS) for 30 min, respectively. The cells were incubated with mouse anti-human HIF-1a (1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C and then incubated with FITC-conjugated goat anti-mouse IgG (1:100, Santa Cruz Biotechnology) for 2 h at room temperature. Then the cell nucleus was stained with DAPI (Beyotime, Haimen, China) for 5 min. Between each step, the cells were washed with PBS three times. The results of staining were photographed with a fluorescence confocal microscope (FV-1000, Olympus, Tokyo, Japan).
Western blot analysis. Rapamycin and LY294002 were purchased from Sigma. Protein extraction from cells and western blot analysis were performed as described previously. were incubated respectively with various appropriately diluted primary antibodies for HIF-1a and VEGF (Santa Cruz Biotechnology), Akt, phospho-Akt, mTOR and phospho-mTOR (Cell Signaling, Beverly, MA, USA) overnight at 4°C, and then followed by horseradish peroxidase-conjugated goat anti-rabbit or mouse secondary antibody (Santa Cruz Biotechnology) for 2 h at room temperature. The b-actin (Santa Cruz Biotechnology) was used as the internal control. For quantity, images were analyzed using Image J software from the NIH (Bethesda, MD, USA).
Mouse xenograft model. Six-week-old male BALB ⁄ c nude mice, with body weights of 18-22 g, were procured from Shanghai National Center for Laboratory Animals (Shanghai, China) and maintained in a specific pathogen-free environment. Studies were performed in adherence with the Guidelines established by the National Science Council, Republic of China.
The mice were subcutaneously injected with 1 9 10 7 cells. Tumor volume was measured every other day with caliper and calculated according to the formula: V = a 2 b ⁄ 2, where a is the smallest superficial diameter and b is the largest superficial diameter. When the tumor volume reached approximately 50 mm 3 , the mice (n = 6 ⁄ group) were randomly assigned to three groups: solvent vehicle control groupL 2 mg ⁄ kg per 2 days GA group; 4 mg ⁄ kg per 2 days GA group. The intravenous treatments were done once every other day for 14 days. After 2 weeks, the mice were killed, and the tumors were removed and measured.
Immunohistochemistry. Immunohistochemical staining was performed using UltraSensitive S-P IHC Kit (Maixin, Fuzhou, China) according to the manufacturer's protocols. The sections were incubated with anti-CD31, anti-VEGF or anti-HIF-1a (1:100, Santa Cruz Biotechnology) at 4°C overnight. Then, sections were stained with a streptavidin-peroxidase system, the signal was visualized using diaminobenzidine substrate and counterstaining was done with hematoxylin. For quantity, the microvessel density and the levels of VEGF and HIF-1a were measured using Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA).
Statistical analysis. All values were expressed as mean AE standard deviation (SD) from triplicate experiments performed in a parallel manner unless otherwise indicated. Data were analyzed using an unpaired, two-tailed Student's ttest. The level of significance was indicated as *P < 0.05 and **P < 0.01.
Results
Effects of GA on growth of U266 cells in vitro. To determine potential cytotoxic and anti-proliferative effects of GA, U266 cells were exposed to GA at various concentrations (0.025-6.4 lM) under normoxia and hypoxia for 8 h. The results showed that treatment with GA at concentrations above 0.4 lM led to a significant dose-dependent inhibition of U266 cell growth under normoxia and hypoxia (Fig. 1) . Considering low cytotoxicity, 0.2 lM GA or less were chosen in our study.
GA suppresses hypoxia-induced VEGF expression and secretion in U266 cells. We examined VEGF expression and secretion from the U266 cells under normoxia and hypoxia and the effect of GA on that. The results showed that VEGF was more secreted under hypoxia and GA decreased VEGF secretion compared to the control group under hypoxia much more significantly than under normoxia (Fig. 2a) . Real time-PCR and western blots were used to measure the expression of VEGF, the results showed hypoxia induced upregulation of VEGF mRNA (Fig. 2b) and protein (Fig. 2c,  d ). The increases of VEGF caused by hypoxia were dramatically inhibited by GA in a dose-dependent manner.
GA downregulates HIF-1a expression in hypoxia. To investigate why GA exhibited more marked effect on VEGF secretion and expression of U266 cells under hypoxia, real time-PCR, western blots and immunofluorescence were used to evaluate the expression of HIF-1a, the key regulator of hypoxia. The results showed that in both of normoxia and hypoxia, the levels of HIF-1a mRNA were unchanged with or without GA treatment on U266 cells (Fig. 3a) , but compared with little expression under normoxia, hypoxic condition elicited a robust increase of HIF-1a protein level, which can be reduced by GA in a concentration-dependent manner (Fig. 3b,  c) . This observation was confirmed by an immunofluorescence assay in vitro that the intracellular expression of HIF-1a was relatively sparser and weaker compared to those before GA treatment (Fig. 3d) . Taken together, these findings suggested that GA might downregulate HIF-1a through decreasing translation. ), images were analyzed using Image J. Bars are the mean AE SD (n = 3). The comparisons were made relative to the hypoxia alone group, and the different levels of significance was indicated as **P < 0.01. (d) Immunofluorescent staining analysis of the effect of GA on intracellular HIF-1a expression in normoxic and hypoxic U266 cells. Cells were treated with various concentrations of GA (0, 0.05, 0.1, and 0.2 lM) for 4 h under normoxia and hypoxia. Green color was detected for HIF-1a, while nuclei were counterstained with blue color using DAPI (4 0 6 0 -diamidino-2-phenylindole dihydrochloride).
crucial regulator of cell proliferation and angiogenesis. It has been reported that PI3K ⁄ Akt signaling pathway may be involved in hypoxia-induced HIF-1a protein accumulation and its downstream target gene expression. (14, 15) To explore whether GA can inhibit hypoxia-mediated activation of PI3K ⁄ Akt ⁄ mTOR, U266 cells were treated with 0.2 lM GA for 4 h under hypoxia. Our data showed hypoxia augmented phosphorylation of Akt and mTOR in U266 cells, which were all attenuated by GA (Fig. 4a,b) . Interestingly, GA did not affect the total protein levels of these kinases, suggesting that the action of GA was specific to the protein activation.
To further check the role of the PI3K ⁄ Akt ⁄ mTOR signaling pathway in the HIF-1a ⁄ VEGF cascade, U266 cells were treated respectively with 20 lM LY294002, a commonly used inhibitor of PI3K, or 20 nM rapamycin, an inhibitor of mTOR. The results showed that blocking PI3K ⁄ Akt activation by LY294002 significantly blunted the elevation of hypoxiainduced HIF-1a and VEGF via suppressing p-Akt and p-mTOR protein levels, and inhibiting mTOR activation by rapamycin had the same effect excepting unchanged p-Akt protein level (Fig. 4c,d) . Correspondingly, the increases of VEGF mRNA caused by hypoxia were dramatically inhibited after blocking PI3K ⁄ Akt ⁄ mTOR pathway, while the levels of HIF1a mRNA were unchanged (Fig. 4e) , suggesting that blocking PI3K ⁄ Akt ⁄ mTOR pathway might downregulate HIF-1a through decreasing translation. In view of these facts, our results indicated that GA decreased the hypoxia-induced HIF1a ⁄ VEGF protein levels in U266 cells by downregulation of PI3K ⁄ Akt ⁄ mTOR pathway.
GA inhibits the growth of transplantable tumors. Tumor xenografts transplanted by U266 cells were used to evaluate the antitumor effect of GA in BALB ⁄ c nude mice in vivo. After 14-day treatments, the tumors were moved and photographed (Fig. 5a) . The average tumor size of control group was 615.5 AE 69.8 mm For quantity of (a), images were analyzed using Image J. Bars were the mean AE SD (n = 3). The comparisons were made relative to hypoxia alone group, and the different levels of significance was indicated as **P < 0.01. (c) U266 cells were exposed to normoxia or hypoxia in the presence or absence of LY294002 (20 lM) or rapamycin (20 nM) for 4 h. Then, the protein expression involved PI3K ⁄ Akt ⁄ mTOR pathway was analyzed by western blots. b-actin was used as a loading control. (d) For quantity of (c), images were analyzed using Image J. Bars are the mean AE SD (n = 3). The comparisons were made relative to hypoxia alone group, and the different levels of significance was indicated as **P < 0.01. (e) U266 cells were exposed to normoxia or hypoxia in the presence or absence of LY294002 (20 lM) or rapamycin (20 nM) for 4 h. vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1a (HIF-1a) mRNA were detected by real-time polymerase chain reaction (PCR) and analyzed by the DDCt method. Bars are shown as mean AE SD (n = 3). The comparisons were made relative to hypoxia alone group, and the different levels of significance was indicated as **P < 0.01. 2 days), respectively (Fig. 5b) . The average tumor weight of the control group was 0.590 AE 0.099 g, while those of GA treated groups were 0.431 AE 0.074 g (2 mg ⁄ kg per 2 days) and 0.223 AE 0.064 g (4 mg ⁄ kg per 2 days), respectively (Fig. 5c) . The results indicated that GA significantly inhibited tumor growth in a dosage-dependent manner. Moreover, administration of GA did not affect the body weight of mice (Fig. 5d) , suggesting the maximal dose of GA (4 mg ⁄ kg per 2 days) is not toxic or at least a low toxicity for mice.
GA suppresses tumor angiogenesis via inhibition of HIF-1a
⁄ VEGF in vivo. To confirm the macroscopic observations and address the potential effect of GA in vivo, immunohistochemistry was performed. The results showed that the presence of endothelial-specific antibody CD31-stained capillaries in xenografts was dose-dependently reduced by GA treatment (Fig. 6a,b) , suggesting GA attenuated the tumor angiogenesis.
To investigate whether the anti-angiogenesis effect of GA was due to the decreased level of VEGF and HIF-1a, immunohistochemistry for VEGF and HIF-1a was performed. The same as CD31, the tumor sections treated with GA showed significantly lower levels of VEGF and HIF-1a than that of control tumor tissue (Fig. 6a,c) . These results further supported that GA, a HIF-1a inhibitor, is a potential compound for MM therapy.
Discussion
Hypoxia-inducible factor-1a plays a critical role in tumor progression and dissemination. It is well established that many hematological malignancies, such as chronic lymphocytic leukemia, (22) diffuse large B cell and follicular non-Hodgkin lymphomas, (23) Hodgkin lymphoma, (24) and MM, (7, 25) express HIF-1a protein in tumor cells. The bone marrow microenvironment is also hypoxic in MM patients. (10) The HIF-1a protein is even more constitutively expressed and activated in bone marrow endothelial cells of 45% of MM relapsed ⁄ refractory patients. (26) The hypoxic myeloma cells can induce the secretion of cytokines and growth factors, including interleukin-6, VEGF, insulin-like growth factor 1, members of the superfamily of tumor necrosis factor, transforming growth factor b1, and interleukin-10. (3) Previous studies have shown that selective HIF-1a inhibition can block angiogenesis by suppressing the production of angiogenic cytokines, resulting in a potent anti-MM effect. (27) Here, our results suggested that the U266 cells augmented the HIF-1a protein accumulation, and the expression and secretion of VEGF under hypoxia. Therefore, HIF-1a may be a logical target to control MM cell-derived angiogenesis.
As a promising anti-cancer agent with multiple protein targets, GA mediates a wide variety of functional antitumor effects including the induction of cell apoptosis, inhibition of proliferation and prevention of cancer metastasis and angiogenesis. (28, 29) In this experiment, we demonstrated that GA dramatically inhibited the expression of HIF-1a protein in a dose-dependent manner in U266 cells under hypoxia, but did not affect HIF1a at the mRNA level, suggesting the suppression of HIF-1a expression by GA through decreased protein translation. Furthermore, there was no obvious chance in the cell viability of U266 after treatment with GA (0.05-0.2 lM) in the presence of hypoxia, showing that the effect of GA was not due to cytotoxicity.
Hypoxia is a potent inducer of HIF-1a and VEGF expression, and this induction can be augmented by PI3K ⁄ Akt activation. Previous studies have proposed that hypoxia can initiate a PI3K ⁄ Akt signaling cascade through ligand-independent activation of growth factor receptors. (15, 16, 30, 31) In patients with colorectal cancer and mantle cell lymphoma, hypoxiainduced HIF-1a protein accumulation is also in close interaction with an active PI3K ⁄ Akt ⁄ mTOR pathway. (32, 33) In addition, the PI3K inhibitor, LY294002, can significantly blunt HIF-1a induction under both hypoxia and the hypoxia mimetic CoCl 2 in glioblastoma cells and attenuate VEGF mRNA expression. (34) In some other studies, the mTOR kinase inhibitor impairs production of HIF-1a in kidney tumor cell lines under hypoxic condition. (35) Moreover, rapamycin treatment effectively blocks the HIF-1a activation in gastric cancer cell lines under hypoxia and reduced the size of the CD-31-positive vessel area, leading to decreased tumor growth in a subcutaneous implantation model. (36) In our study, hypoxic conditions can also induce activation of PI3K ⁄ Akt ⁄ mTOR pathway in U266 cells. Furthermore, treatment with LY294002, a specific inhibitor of PI3K ⁄ Akt, or rapamycin, a specific inhibitor of . Gambogic acid (GA) inhibited tumor growth in a xenograft mouse model. The BALB ⁄ c nude mice were injected with U266 cells for some days followed by treatment with solvent or various doses of GA for 14 days. Then, the mice were killed, tumor removed and photographed (a). In addition, the tumor size (b), weight (c) and body weight (d) were measured. Bars are shown as mean AE SD (n = 6). The comparisons were made relative to untreated controls, and the different levels of significance were indicated as *P < 0.05 and **P < 0.01.
mTOR, inhibited hypoxia-stimulated expression of HIF-1a; however, the levels of HIF-1a mRNA were unchanged. These results support the notion that PI3K ⁄ Akt ⁄ mTOR pathway is important for hypoxia mediated HIF-1a protein synthesis. In order to assess whether inhibition of HIF-1a by GA in hypoxia is involved in PI3K ⁄ AKT ⁄ mTOR pathway, the signaling proteins were examined in the presence or absence of GA in hypoxia. The phosphorylation of AKT ⁄ mTOR cascade was significantly inhibited by GA in hypoxic U266 cells, suggesting that inhibition of PI3K ⁄ AKT ⁄ mTOR signaling pathway may, at least partly, contribute to the attenuated effect of GA on HIF-1a expression. The inhibition of HIF-1 activity involves HIF-1 mRNA expression, HIF-1 protein translation, HIF-1 protein degradation. In our study, The suppression of HIF-1a expression by GA was due to decreased translation. The question arises whether GA might be effective on protein degradation pathways that have been tried to date.
A xenograft myeloma tumor model in nude mice was generated by subcutaneous inoculation of U266 cells to evaluate the anti-tumor and anti-angiogenesis activity of GA in vivo. As expected, consecutive administration of GA for 14 days significantly reduced the tumor size and tumor vascularization evidenced by decreased CD31 expression in tumors. Furthermore, accompanied by reduced vascular density, immunohistochemical staining of the sections revealed decrease of HIF-1a and VEGF protein, which was consistent with the findings in vitro. These results demonstrate that GA can prevent the development of intratumoral hypoxia that may be attributed to inhibition of tumor angiogenesis and growth, possibly by attenuating HIF-1a and VEGF expression inside the tumors.
In summary, we conclude that GA downregulates HIF-1a protein levels of U266 cells in hypoxia. The inhibition of HIF1a ⁄ VEGF protein expression is associated with the suppression of PI3K ⁄ Akt ⁄ mTOR pathway, suggesting that GA may suppress human multiple myeloma progression and angiogenesis. Taken together, these results not only provide a novel mechanism to explain the antiangiogenic and anticancer effects of GA, but also imply that GA might be a new potential drug for human multiple myeloma therapy. To identify the tumor angiogenesis, the stained area of CD31 in 10 fields was quantified by using Image Pro Plus. Bars are the mean AE SD (n = 10). The comparisons were made relative to untreated controls, and the different levels of significance was indicated as **P < 0.01. (c) The images were quantified using Image Pro Plus and mean optical densities (of control) of VEGF and HIF-1a were shown. Bars are the mean AE SD (n = 10). The comparisons were made relative to untreated controls, and the different levels of significance was indicated as **P < 0.01.
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